The adsorbed state of thiophene on Si͑100͒-͑2ϫ1͒ surface at 300 K has been investigated using low-energy electron diffraction ͑LEED͒, Auger electron spectroscopy ͑AES͒, and ultraviolet photoelectron spectroscopy ͑UPS͒. ͑2ϫ1͒ LEED pattern at 300 K is sustained after the saturated exposure of thiophene, and the saturation coverage is estimated to be ϳ0.6 by AES, suggesting that thiophene molecule is chemisorbed molecularly on the Si͑100͒ surface most likely by bonds between C and Si atoms. UPS spectrum for the chemisorbed thiophene shows not only the orbital shift but also the orbital shift. Semiempirical PM3 calculations based on the cluster model propose that the thiophene molecule adsorbs on the Si͑100͒-͑2ϫ1͒ surface by forming di-bonds between C atoms of thiophene and Si atoms of the surface.
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I. INTRODUCTION
The interaction of aromatic compounds with silicon surfaces has been studied recently. Among them the investigation of -conjugated heteroaromatic compounds such as thiophene and pyrrole is of special interest since it helps understand the role of lone pair electrons in interaction of the aromatic molecule with silicon surface. Furthermore, the compounds have attracted practical interest as a plausible candidate for the basic building blocks of so-called conducting polymers. [1] [2] [3] [4] Piancastelli et al. have reported that the desulfurization of thiophene on Si͑111͒-͑2ϫ1͒ was observed for room temperature exposures, using photoelectron spectroscopy and high resolution electron energy loss spectroscopy ͑HREELS͒. 5, 6 In addition, MacPherson et al. have performed thermal desorption spectroscopy ͑TDS͒ to investigate the adsorbed state of thiophene on Si͑111͒-͑7ϫ7͒. It was proposed that the intense peak at 405 K in their TDS spectra is due to the geometry bonded through lone pair electrons of sulfur atom while the weak peak at 350 K corresponds to -bonded geometry, 7 which was confirmed by the additional experiment using photoelectron spectroscopy and x-ray photoelectron spectroscopy ͑XPS͒. 8 These previous results indicate that the adsorption behavior of thiophene depends on the reactivity of the silicon surfaces.
In the present work, the adsorbed state of thiophene on Si͑100͒-͑2ϫ1͒ surface at 300 K is investigated using electron spectroscopic techniques, including low energy electron diffraction ͑LEED͒, Auger electron spectroscopy ͑AES͒, and ultraviolet photoelectron spectroscopy ͑UPS͒. The experimental results suggest that thiophene molecule is chemisorbed molecularly on the Si͑100͒ surface with -bonded geometry. In addition, semiempirical calculation using cluster model is performed to predict theoretically the adsorbed state of thiophene on Si͑100͒-͑2ϫ1͒, where the energetically preferred adsorbed states of di-bonding are consistent with the experimental facts. The proposed adsorption geometry is notably different from that of thiophene on the Si͑111͒-͑7ϫ7͒ surface, which is discussed in terms of crystal-face specificity.
II. EXPERIMENT
The experiments were performed in an ion-pumped Perkin Elmer UHV system which has a typical base pressure of 2ϫ10 Ϫ10 Torr. The Si substrate ͑10ϫ5ϫ0.6 mm 3 ͒ was cut from a p-type Si͑100͒ wafer with a resistivity of ϳ6.0 ⍀ cm. Before introducing the sample into the vacuum chamber, it was cleaned using Shraki's etching procedure. 9 In ultra high vacuum, it was thoroughly outgassed at 850 K and cleaned by heating at 1200 K for 30 s, and then further flashing to ϳ1400 K for 5 s. The Si sample was resistively heated by passing current through Ta foil holding Si sample and copper wire. The sample temperature was measured with a type K ͑chromel-alumel͒ thermocouple inserted between Si sample and Ta foil. The surface cleanness was checked by sharp ͑2ϫ1͒ LEED pattern at room temperature, and confirmed by AES measurements. Thiophene used in the present work was obtained commercially ͑Aldrich͒. Dissolved gases such as nitrogen and oxygen were removed from the liquid sample by freezing-pump-thaw cycles prior to use. Thiophene dosing was performed by backfilling the chamber to a fixed pressure and the exposures were reported in Langmuir units ͑1 Lϭ10
Ϫ6 Torr s͒. The surface compositional analysis using Auger electron spectroscopy was carried out with a primary beam energy of 3 keV, beam current of 2.5 A, and a modulation voltage of 6 V pϪp to estimate the saturation coverage of thiophene on Si͑100͒-͑2ϫ1͒. LEED experiments were done before and after the thiophene adsorption both at 110 and 300 K. In addition, photoelectron spectra of clean and thiophene-saturated Si͑100͒ surface were obtained for a photon energy of 21.2 eV using a differential pumped He-resonance lamp, which was intended to investigate the change of molecular orbital owing to the interaction with silicon surface after the adsorption.
III. RESULTS
A. Auger electron spectroscopy and low-energy electron diffraction
Auger electron spectroscopic measurements were employed to study the kinetics of C 4 H 4 S adsorption on Si͑100͒-͑2ϫ1͒ at 300 K. In Fig. 1 , the growth of the C͑KLL͒/ Si͑LVV͒ Auger ratio is plotted as a function of C 4 H 4 S exposure. At each exposure the average value of three point measurements was taken to avoid the possible errors due to electron beam effects, as mentioned in the previous report. 10 The ratio for thiophene reaches the maximum value at about 2 L exposure. Here, the saturation of the C͑KLL͒/Si͑LVV͒ ratio indicates the completion of the monolayer. This adsorption-uptake curve is nearly identical to that of thermal desorption spectroscopy ͑TDS͒ measurements, 11 where the only molecular desorption is observed at ϳ430 K within our detection limit. These results indicate that thiophene molecule adsorbs molecularly on Si͑100͒-͑2ϫ1͒ at 300 K. In order to estimate the saturation coverage of the chemisorbed thiophene, AES measurements for C 4 H 4 S-saturated Si͑100͒-͑2ϫ1͒ surface were compared with those of C 6 H 6 -saturated Si͑100͒-͑2ϫ1͒, as shown in Fig. 1 . The estimated saturation coverage of benzene ͑⍜ benzene : number of benzene molecule per surface Si atom͒ has been already known to be ϳ0.27.
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The Auger-peak-height ratio C͑KLL͒/Si͑LVV͒ for C 4 H 4 S-saturated Si͑100͒-͑2ϫ1͒ was estimated to be ϳ0.051, in our spectrometer, whereas the value for C 6 H 6 -saturated Si͑100͒-͑2ϫ1͒ to be ϳ0.034. The values give ⍜ thiophene of ϳ0.6 ͓ϭ⍜ benzene ͑0.27͒ϫ0.051/0.034ϫ6/4͔ after considering the number of C atoms in the molecules. This result indicates that one thiophene molecule is roughly to correspond to two silicon atoms ͑one silicon dimer͒. Figure 2͑a͒ shows two domain ͑2ϫ1͒ LEED pattern of clean Si͑100͒ surface at 300 K with the schematic representation ͑E p ϭ99 eV͒. Upon exposing thiophene on the clean Si͑100͒-͑2ϫ1͒ surface, the ͑2ϫ1͒ LEED pattern was maintained with the increase of background intensity ͓Fig. 2͑b͒; 5.0 L, Fig. 2͑c͒ ; 50 L͔. This behavior has been already observed in other studies, e.g., acetylene on Si͑100͒-͑2ϫ1͒, 13 ethylene on Si͑100͒-͑2ϫ1͒, 14 where the adsorbate layer sustaines the 2ϫ1 reconstruction and forms a saturated monolayer with one adsorbate per silicon dimer site. The 2ϫ1 LEED pattern observed after thiophene adsorption is consistent with the AES measurements which indicates the adsorption of one thiophene molecule per one silicon dimer. Still, the current investigation does not eliminate the possibility
The adsorption-uptake curve using Auger peak height ratio for C 4 H 4 S exposure ͑open circle͒ and C 6 H 6 exposure ͑open square͒ on Si͑100͒-͑2ϫ1͒. The dotted line is regarded as indicating the saturation coverage limit.
FIG. 2. LEED patterns of ͑a͒ the Si͑100͒͑2ϫ1͒ clean surface at 300 K ͑E p ϭ99 eV͒, ͑b͒ the Si͑100͒-͑2ϫ1͒ surface exposed to 5 L thiophene at 300 K ͑E p ϭ99 eV͒, ͑c͒ the Si͑100͒-͑2ϫ1͒ surface exposed to 50 L thiophene at 300 K ͑E p ϭ99 eV͒, ͑d͒ the Si͑100͒-c͑4ϫ2͒ clean surface at 110 K ͑E p ϭ51 eV͒, ͑e͒ the Si͑100͒c͑4ϫ2͒ surface exposed to 2 L at 110 K ͑E p ϭ99 eV͒.
that thiophene adsorption breaks the Si-Si dimers.
The LEED experiment at low temperature confirms the growth of multilayer on the chemisorbed thiophene. Figure  2͑d͒ shows the LEED pattern of the Si͑100͒-c͑4ϫ2͒ clean surface at 110 K together with the schematic representation ͑E p ϭ51 eV͒. The LEED pattern indicates the coexistence of the c͑4ϫ2͒ and c͑2ϫ4͒ domains. It has already been interpreted to be due to buckled dimers which was suggested to be stable from semiempirical tight binding calculations. 15 As the c͑4ϫ2͒ surface is exposed to 2 L thiophene, the 1/4 order spots disappear and only ͑2ϫ1͒ and ͑1ϫ2͒ LEED patterns are observed with increased background intensity ͓Fig. 2͑e͔͒. This result indicates that the interaction of thiophene molecule with Si-Si dimer relaxes dimer buckling. This tendency has been observed in other studies, e.g., acetylene on Si͑100͒-͑2ϫ1͒, 13 ethylene on Si͑100͒-͑2ϫ1͒, 14 and benzene on Si͑100͒-͑2ϫ1͒. 12 Upon further exposure, even half-order spots start to disappear and eventually no LEED pattern is observed because of the formation of disordered multilayer on the chemisorbed thiophene. Figure 3 shows photoelectron spectra obtained using a He I discharge lamp for the thiophene-saturated Si͑100͒-͑2ϫ1͒ surface. The intensity decrease of secondary electron is observed after the adsorption of thiophene, which has been noticed for oxygen on Si͑111͒. 16 In the kinetic energy ͑KE͒ between about 4 and 12 eV, the adsorbate-induced features are observed. The difference photoelectron spectra shows three dominant features with maxima at KEϭ5.3, 8.4, and 10.8 eV, with the peak at ϳ8.4 eV being the most intense one. Interpretation of the constituent molecular-orbital characters of these bands is usually made by the comparison with the gas-phase valence shell photoelectron data. 17 This is done in the present work by aligning C band of KEϭ5.3 eV here, as summarized in Table I , since the deeper-lying orbitals experience less effect from the bonding interaction during adsorption of the molecule than the outer orbitals. The estimated orbital shift is Ϫ2.8 eV in the A band of orbitals, and Ϫ1.1 eV in the B band of mainly orbitals. One may assume that the orbital energy shift of adsorbed molecule is composed of relaxation shift and bonding shift. 18, 19 Among them only the bonding shift represents the extent of interaction of corresponding orbitals with surface. If the relaxation shift of orbitals is tentatively assumed to be identical to that of orbitals, then, the above estimated orbital shifts are interpreted to be the bonding shift of individual orbital group ͑A band of orbitals: Ϫ2.8 eV, B band of orbitals: Ϫ1.1 eV͒.
B. Ultraviolet photoelectron spectroscopy
The valence-band photoelectron spectra of thiophene on Si͑111͒-͑2ϫ1͒ at room temperature reported by Piancastelli et al. 6 show no correspondence to those of gas phase thiophene. This fact has been regarded as one of evidences for the desulfurization of thiophene on the Si͑111͒-͑2ϫ1͒ surface at room temperature. On the other hand, the valence spectrum for thiophene adsorbed moleculary on Si͑111͒-͑7ϫ7͒ 8 ͑here, the orbital shift A band and B band are ϳϪ2.3 and ϳϪ1.3 eV, respectively, viz., showing correspondence to that of gas phase thiophene͒ at room temperature is found to be similar to that for the Si͑100͒-͑2ϫ1͒ surface observed in the present work, which indicates the adsorption of thiophene molecule without desulfurization on the two surfaces.
C. Semiempirical calculations
Since no direct data on the geometry is available from the experiment, we have performed cluster calculations using semiempirical MO methods to determine energetically preferred structures of thiophene chemisorbed on the Si͑100͒-͑2ϫ1͒. In this work, a four-layer silicon cluster model Si 43 H 32 -C 4 H 4 S ͑Fig. 4͒ is adopted to simulate the thiophene adsorption on the Si͑100͒-͑2ϫ1͒ surface using structural parameters of the Si cluster determined from ab initio calculations for Si͑100͒ reconstructions. 20 H atoms in the cluster model are used to saturate the bulk Si dangling bonds as in previous studies. [21] [22] [23] Total energies and optimized structures are calculated by the PM3 method 24 in MOPAC 93 package, 25 but some of calculations are also repeated with the AM1 method. 26 This cluster calculation has been applied to the study of benzene on Si͑100͒-͑2ϫ1͒, 21 where the theoretical results are consistent with the previous experimental facts. 12 Initial guesses for the minimum structure are generated, as shown in Fig. 4 , by moving a thiophene molecule along the directions of dimer rows of the surface. For convenience, we select two different paths in the movement as in benzene on Si͑100͒-͑2ϫ1͒; 21 one includes dimer bridge site (A) and pedestal site (B), whereas the other includes cave site (C) and valley bridge site (D). A consideration of symmetry of the molecule with respect to the direction of dimer of the surface produces two kinds of initial estimates at each scanning path of the molecule, depending upon whether C 2 axis of thiophene is parallel or perpendicular to the directions of silicon dimer. Then the coordinates of the atoms for the initial estimates are varied until a minimum for the value of the energy is obtained. As shown in Figs. 5͑a͒ and 5͑b͒, the energy minimization results in four local minima in total energy on the scanning path of dimer rows. Among them the optimized states on dimer bridge site ͑Structure I of Fig. 6 ; Ϫ4.81 eV͒ and on pedestal site ͑Structure II of Fig. 6 ; Ϫ4.46 eV͒ are more stable than the others. This is also more stable than those on nondimer rows ͑cave site; Ϫ2.38 eV, valley bridge site; Ϫ2.40 eV͒. Structure I is obtained when the C 2 axis of thiophene is perpendicular to the direction of dimer rows. As shown in Fig. 5͑a͒ , the initial estimates of perpendicular geometry within 1.6 Å from the dimer bridge site are optimized to I. On the other hand, II is obtained when the C 2 axis of thiophene is parallel to the direction of dimer rows. The initial estimates of the parallel geometry within 0.9 Å from the pedestal site produce II after the energy optimization process, as shown in Fig. 5͑b͒ .
In Fig. 6͑a͒ , C 1 and C 2 atoms of Structure I have sp 3 hybridization character losing its bond character; the C 1 -C 2 bond length of 1.521 Å is close to the C-C bond length of 1.544 Å in Diamond, 27 as listed in Table II . In addition, C 3 and C 4 atoms have sp 2 hybridization character; the C 3 -C 4 bond length of 1.347 Å is close to the CvC bond length of 1.32 Å in ethylene, 27 implying that the remaining orbital moiety of thiophene in I does not interact with the adjacent second silicon dimer. The sulfur atom has a signifi- cant bonding interaction with a silicon atom of the second silicon dimer ͑S-Si 4 bond order is ϳ0.74͒. The energy stabilization from the S-Si bonding in I can be reasonably estimated by the following procedure. At first, the initial estimate like Fig. 7͑a͒ is considered, where each of two thiophene molecules has the same geometric parameters as in I. The energy minimization process provides the optimized structures as shown in Fig. 7͑b͒ . This result indicates that the interaction of the sulfur atom with the second silicon atom disappears after passivation of dangling bond of the second silicon dimer by adsorption of another thiophene molecule. The total energy of thiophene molecule of the modified geometry ͓Fig. 7͑c͒; Structure III͔ is Ϫ3.25 eV. Then, the stabilization energy owing to the S-Si bonding interaction in I is Ϫ1.56 eV. Unlike I, II in Fig. 6͑b͒ does not have any bond left. The C 2 -C 3 bond length of 1.531 Å and the C 3 -C 4 bond length of 1.544 Å are quite close to the C-C bond length of 1.544 Å in Diamond, 27 as shown in Table II . C 4 and S atoms have significant interactions with the second silicon dimer ͑C 4 -Si 3 bond length; 2.05 Å, S-Si 4 bond length; 2.233 Å͒.
The -bonded adsorption through lone pair electrons of the S atom is also examined in this system, which is believed to be one of adsorbed states for thiophene on Si͑111͒-͑7ϫ7͒. 7, 8 In this case, the C 2 axis of thiophene molecule is parallel to the surface normal, with the S atom located on the silicon dimer. Energy minimization yields the optimized geometry as shown in Fig. 6͑c͒ with the total energy of Ϫ2.05 eV, which is much higher than other localminimum structures. The result indicates that the Si͑100͒-͑2ϫ1͒ surface does not prefer the -bonded adsorption through lone pair electrons of the S atom of thiophene.
The AES result indicates that one thiophene molecule corresponds to nearly one silicon dimer at the saturation coverage. In other words, the most preferred adsorbed state of thiophene at the saturation coverage is of the adsorption geometry where one thiophene molecule corresponds to one silicon dimer. This interpretation is not apparently in accordance with the above calculational results, where the energetically preferred states ͑I, II͒ interact with two silicon dimers. This inconsistency can be resolved by the following arguments. As far as the adsorption geometry is concerned, III can be regarded as another candidate for the adsorption geometry at the saturation coverage, since every silicon dimer has a chance to interact with thiophene molecule at sufficient exposure. In order to determine the energyminimum state at the saturation coverage, the total energy calculation is performed for Structure IV in Fig. 7͑d͒ , which is generated by locating two thiophene molecule of geomet- FIG. 6 . ͑a͒ The most stable chemisorbed state of thiophene on Si͑100͒-͑2ϫ1͒ in PM3 calculations ͑Structure I͒, ͑b͒ the second stable chemisorbed state of thiophene on Si͑100͒-͑2ϫ1͒ ͑Structure II͒, ͑c͒ the -bonded geometry through lone pair electrons of the S atom. a The C-C, C-Si bond lengths are given in Å.
b
The angles are given in degrees.
ric parameters of III simultaneously on two neighboring silicon dimers. The total energy of IV is estimated to be Ϫ5.13 eV in our calculation scheme, after considering carefully the possible repulsive interaction between the thiophene molecules. IV provides the largest energy stabilization per silicon dimer for the adsorption system ͑I; Ϫ4.81/2ϭϪ2.41 eV, II; Ϫ4.46/2ϭϪ2.23 eV, IV; Ϫ5.13/2ϭϪ2.57 eV͒. Therefore, IV is the energetically most preferred state at the saturation coverage, which is consistent with AES results. IV may not be the lowest state at other coverages. At a lower coverage Structure I could be preferable since another thiophene molecule is not likely to be chemisorbed on the neighboring silicon dimer. The test calculations with AM1 parameters are performed to confirm the above calculational results. The local minima obtained from the AM1 method have nearly identical structures to those from the PM3 method. The relative stability for the local minima, however, is different. In AM1 calculations, Structure II is more stable than Structure I, as shown in Table III . It is possible that at low coverage Structure II is energetically preferable, although the PM3 method is usually regarded as more reliable than the AM1 method for Si and S containing molecules. 28 We assume that the FIG. 7 . ͑a͒ The geometry representing the adsorption of two thiophene molecules of the same geometric parameters as Structure I on neighboring silicon dimers, ͑b͒ the modified adsorption geometry due to the adsorption of the second thiophene molecule, ͑c͒ the modified adsorption geometry of one thiophene molecule ͑Structure III͒, ͑d͒ the adsorption geometry of two thiophene molecules ͑Structure IV͒, representing the adsorption behavior at the saturation coverage. PM3 results are more reliable for the present system. Even in the AM1 calculations, Structure IV is still more stable than I and II, supporting conclusions from the PM3 calculations. Additional calculations have been performed to estimate the perturbation on the silicon dimer after the thiophene adsorption. Relaxing silicon dimer produce the same local minima for the adsorption geometry of thiophene as before but the Si-Si distance of dimer increase by 0.1 to ϳ2.5 Å. The order in stability between different adsorbed structures is not changed.
IV. DISCUSSION
AES measurements indicated that the saturation coverage of thiophene on Si͑100͒-͑2ϫ1͒ is about twice that of benzene. In addition, the ͑2ϫ1͒ LEED pattern was maintained even at the saturation coverage of thiophene. These results strongly suggest the adsorption of one thiophene molecule per one silicon dimer in line with previous results for unsaturated hydrocarbons such as acetylene and ethylene on the Si͑100͒-͑2ϫ1͒ surface, 10, 13, 14 and the interaction of one bond with one silicon dimer. In the case of benzene one molecule bonds to two silicon dimers, 12 because the benzene molecule has sufficient bond moiety to bond to two silicon dimers simultaneously. 21 Similarly, it may be argued that one thiophene molecule bonds to two silicon dimers because thiophene has also sufficient bond moiety as benzene, which is inconsistent with the AES result. The difference between benzene and thiophene can be understood by considering the adsorption geometry of thiophene obtained in semiempirical calculations, where no concurrent bonding of two bonds with two silicon dimers occur. As shown in Fig.  6͑a͒ , thiophene molecule is di-bonded to one silicon dimer with the bonding of its S atom with the adjacent silicon dimer. The S-Si bonding is eliminated when another thiophene molecule adsorbs on the adjacent silicon dimer, which is believed to be the situation at the saturation coverage of thiophene. The di-bonding in the adsorption geometry remains intact after the energy optimization procedure, explaining the saturation coverage of thiophene on Si͑100͒-͑2ϫ1͒. On the other hand, the lateral interaction between thiophene molecules causing the breaking of S-Si bond is likely to evoke the strong coverage dependence of the sticking coefficient and the preexponential factor for desorption, which deserves to be investigated through further studies.
The difference of adsorption behavior of thiophene molecule in Si͑111͒-͑7ϫ7͒ and Si͑100͒-͑2ϫ1͒ can be explained by comparing structures of the two surfaces. In DAS ͑dimer-adatom-stacking fault͒ model 29 for Si͑111͒-͑7ϫ7͒, there are 19 dangling bonds per ͑7ϫ7͒ unit cell, which are almost distributed to 12 adatoms and 6 rest atoms. Aromatic molecules cannot form di-bonds to the neighboring rest atom and adatom because of steric hindrance on the Si͑111͒-͑7ϫ7͒ surface. Furthermore, the distance between the neighboring rest atom or between two adatoms is too large for the di-bonding. These arguments are valid for benzene/ Si͑111͒-͑7ϫ7͒, where -bonded adsorbed state is observed. In addition to the -bonded state, the -bonded state through the S atom is proposed for thiophene Si͑111͒-͑7ϫ7͒, 7, 8 where the S atom can be bonded to a Si adatom or a Si rest atom without significant steric hindrance. On the contrary, the silicon dimer of Si͑100͒-͑2ϫ1͒ can interact simultaneously with the CvC moiety of the thiophene molecule, as was shown in the present semiempirical calculation, leading to a di-gj bonded adsorbed state. Semiempirical calculations also indicate that the -bonded adsorbed state through lone pair electrons of the sulfur atom is not energetically favored in this system. This is the first report, to the best of our knowledge, proposing di-bonded geometry for a heteroatomic molecule on Si͑100͒-͑2ϫ1͒. The di-bonded geometries ͑I at low coverage, IV at high coverage͒ are most likely due to the unique chemical activity of CvC moiety of the Si͑100͒ surface as mentioned in many previous studies, [12] [13] [14] 21, 30, 31 and have not been observed for thiophene on Si͑111͒-͑7ϫ7͒ for which the bonding of the S atom was proposed.
V. CONCLUSION
The experimental results indicate that overall structures of the reconstructed Si͑100͒ surface is little affected by the chemisorption of thiophene at 300 K. Thiophene is chemisorbed moleculary on the Si͑100͒ surface, whose saturation coverage is about twice that of benzene. PM3 and AM1 calculations using cluster model indicate that two adjacent carbon atoms of thiophene are di-bonded to one silicon dimer with the sulfur atom interacting with the neighboring silicon dimer. The interaction between S and Si atoms will disappear while sustaining di-bonded geometry when one thiophene molecule is allowed to adsorb for each dimer on the surface, mimicking the saturation coverage observed in the experiments.
